The motion of chemical bonds within molecules can be observed in real time, in the form of vibrational wavepackets prepared and interrogated through ultrafast nonlinear spectroscopy. Such nonlinear optical measurements are commonly performed on large ensembles of molecules, and as such, are limited to the extent that ensemble coherence can be maintained. Here, we describe vibrational wavepacket motion on single molecules, recorded through time-resolved, surface-enhanced, coherent antiStokes Raman scattering. The required sensitivity to detect the motion of a single molecule, under ambient conditions, is achieved by equipping the molecule with a dipolar nano-antenna (a gold dumbbell). In contrast with measurements in ensembles, the vibrational coherence on a single molecule does not dephase. It develops phase fluctuations with characteristic statistics. We present the time evolution of discretely sampled statistical states, and highlight the unique information content in the characteristic, early-time probability distribution function of the signal.
The demonstration of optically detected single molecules under cryogenic conditions, through absorption 1 and soon afterward through fluorescence 2 , can be recognized as the nascence of single molecule spectroscopy (SMS). The field was further propelled by demonstrations of SMS under ambient conditions, through near-field 3 and far-field optical microscopy. 4, 5 The most common approach in SMS is the use of chromophores that strongly couple to light, to detect light-matter interactions through a variety of methods: 6 absorption, 1,7 resonant Raman, 8 fluorescence induced through linear 2 or nonlinear absorption, 9 photo-thermal effect, 10 being examples. The principle aim of SMS is to interrogate individual molecular properties rather than averages of the vast ensembles typically probed in molecular spectroscopy. Ensemble averaging eliminates outliers, such as the tail of the Boltzmann distribution where most of chemistry hides.
The incoherent spectroscopy of chromophores mainly addresses environmental fluctuations that occur on timescales longer than the measurement time. 11 On timescales of ms and longer over which signals are accumulated, SMS is well matched to track bio-molecular transformations, such as enzymatic activity and protein folding. 12, 13 The femtosecond-picosecond scale over which bonds move, break and form, poses a greater challenge. An important advance in this regard is the recent series of ultrafast pump-probe measurements using phase-locked pulse pairs, [14] [15] [16] [17] in which vibrational wavepackets and coherent manipulation of quantum bits were demonstrated on single molecules. The information content of these measurements, however, is limited by electronic dephasing that occurs on timescales shorter than vibrational periods of motion. This characteristic of chromophores is implicit in their structureless and broad absorption spectra.
Raman spectroscopy avoids electronic dephasing considerations since it does not require evolution in real electronic states. As such, time-resolved coherent Raman spectroscopy is ideally suited to capture the motion of molecules in their ground electronic state. Although
Raman is a feeble effect, it can be greatly amplified through plasmonic antennae, 18 And although a time-resolved, surface enhanced Raman Scattering (tr-SECARS) measurement has been reported in a colloidal ensemble, the unique capabilities of coherent Raman techniques to capture the evolution of vibrational wave packets 33, 34 has yet to be demonstrated in the single molecule limit. Here, we report this realization.
Through tr-CARS studies on individual nano-dumbbells, we capture the vibrational motion of single molecules in real-time, and we highlight the unique information content of time-resolved measurements in the single molecule limit. Rather than pure dephasing, coherences develop phase noise due to discrete sampling statistics, familiar from quantum optics. 35 We show that the probability distribution function (PDF) of the noise accumulated during early time evolution can be used to uniquely distinguish between one, versus two, versus many-molecule response.
The experiments are carried out on trans 1,2-bis-(4-pyridyl) ethylene (BPE) molecules attached to gold nano-dumbbells encapsulated in porous silica shells (Fig. 1a) . That single molecule sensitivity can be reached through SERS at the junction between two gold nanospheres, has been catalogued in the literature on this and related systems [36] [37] [38] including the direct isotopologue test of single molecule response. These observations parallel a prior study on silver nano-dumbbells, where it was shown that the tensor nature of Raman scattering is in full force in SM-SERS and that spectral variations accompany changes in the relative orientation between molecule and local field, and the latter evolve due to structural changes of the irradiated junction.
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The spectrum shown in Fig. 1 is from a relatively stationary SERS trajectory, obtained
at an incident intensity of 30 µW/µm 2 . Remarkably, the SERS linewidths are significantly 3 broader than those in the ensemble spectrum of solid BPE. We will focus on the strong C=C stretching modes near 1600 cm −1 which arise from mixing between the ethylinic stretch and the pyridine ring breathing modes of BPE. to prepare the second order wavepacket, φ (2) = ν a ν |ν . The evolving vibrational coherence φ (2) (t) φ (0) (t) is then interrogated with the time-delayed probe pulse, and detected through the anti-Stokes shifted photons. Care is taken to minimize the average illumination intensity to below 20 µW/µm 2 to avoid photo-damage.
The CARS image of a distribution of particles is presented in Fig. 2b . The nanoparticles are readily imaged through the electronic CARS response of the metal surface plasmon.
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The variation in their intensities is readily associated with the distribution of orientations relative to the linear polarization of the excitation. The molecular CARS response is distinguished by its dependence on the delay of the probe pulse and vibrational resonance (Fig.   2c,d ). Beyond 0.2 ps, the instantaneous electronic response of the plasmon reduces to a constant background over which the modulated molecular contribution appears. The spectrally resolved tr-CARS signals illustrate that when the difference frequency, ω pu − ω st = 1800 cm −1 , is detuned from the molecular resonance, only the constant background of two-beam electronic CARS remains. On resonance, a periodically modulated signal is seen. The period, τ ∼ 1 ps, corresponds to the beat between the pair of bright modes separated by Fig. 1d) . In the presented case in Fig. 2c , the signal suddenly drops. The particle becomes SERS inactive, while its TEM shows an intact dumbbell (Fig. 2b, inset) .
The measurement sequence suggests that the loss of signal is due to the separation between molecule and hot spot. This common occurrence limits the tolerable exposure time, therefore sampling statistics, of measurements. (Fig. 3b) , while post irradiation images show the formation of a neck between spheres (see Fig. 3c,d ).
Although it is unclear at what stage of the illumination this morphological change occurs, the dumbbells remain largely intact and the CARS signal remains remarkably stable during the 1 hr duration of the measurement.
Examples of time traces that are characteristic to tr-CARS in the single BPE molecule limit are shown in Fig. 4 , along with the signal of the ensemble of solid BPE recorded under identical conditions. The contrast is striking. The ensemble signal decays in 1 ps (Fig. 4a) , while the depth of modulation of the single dumbbell signals persists for the 10 ps duration of the measurement (Fig. 4b,c) . The ensemble signal, given by the third-order polarization 33 :
reduces to the damped quantum beats of the prepared vibrational coherence:
with phenomenological dephasing rates γ ν,ν that arise from the ensemble averaging indicated by the angle brackets in (1). The same information is contained in the Raman spectrum of the bulk (Fig. 4a inset) , which in the absence of electronic resonances, is given by the same third-order response. 33 Consequently, the tr-CARS signal can be retrieved by the windowed phase noise. Thus, the discretely sampled normalized signal at a given delay time τ can be generally described as:
in which M is the number of realized measurements (photons), N is the number of molecules, ω ν is the mean wavenumber of vibrational mode ν and δ ν is its stochastic fluctuation around the mean. As suggested by the Gaussian profiles of SERS lines (Fig. 1 ), δ ν derives from a normal distribution N (0, σ) with zero mean and variance σ given by the spectral width of the vibrational lines. The phase fluctuation grows with delay time τ , such that at στ >> 2π the random phase δτ is uniformly distributed over the full [−π, π] interval. In this limit, the probability distribution of observable signal amplitudes reduces to a normal distribution, with a characteristic mean:
It is the summation over the coherence terms inside the square in (3), over N molecules and V modes, that leads to dephasing: S(τ ) → 0 for large N and V . For a single molecule and a superposition of two states, the expected value is:
Note, in a given measurement, the stochastic phase leads to a random value of the normalized sinusoidal signal S(τ ) ∈ [1, 0], with mean S(τ ) = 1/2 and variance 1/ √ M given by averaging over the M realizations. This assumes no correlation in spectral fluctuations δ ν between different modes. In the other extreme, assuming fully correlated fluctuations, the signal retains full coherence. This can be clearly seen by considering the superposition of two states on a single molecule: CDFs, translating into a 99% likelihood that the data represents the evolution of a statistical two-state superposition on a single molecule.
